The structure and morphology of coarse-scale globular and smaller spheroidal particles in an isothermally aged Al-10Mg-0.5Ag (mass%) alloy have been charcterised by means of transmission electron microscopy. Coarse-scale globular and smaller spheroidal particles were commonly observed in an over-aged sample aged for 72 h at 240 C. The coarse-scale globular and smaller spheroidal particles were identified by electron microdiffraction to have the face-centered cubic structure of equilibrium phase (Al 3 Mg 2 ) (lattice parameter a ¼ 2:824 nm). The orientation relationship between the phase and -Al matrix was such that: ð100Þ == ð100Þ and ½001 == ½001 . This orientation relationship differs from those reported previously for the phase formed in binary Al-Mg alloys. The coarse-scale globular particles had invariably internal faulted structures.
Introduction
In typical heat-treatable aluminium alloys, such as the AlCu based alloys, the initial contribution to precipitation hardening is generally attributable to coherent GP zones (solute rich clusters) when an alloy is aged below the GP zone solvus (typically $150 C). 1) Maximum hardness is commonly associated with a mixture of such zones and a metastable intermediate phase ( 00 in Al-Cu), or a mixture of two intermediate phases ( 00 and 0 in Al-Cu). Similar precipitation hardening effects from coherent GP zones (Mgrich clusters) might initially be expected in the Al-Mg system. However, there is little or no age-hardening response observed during the early stages of ageing. This lack of response from the formation of GP zones is attributable to the fact that the GP zone solvus is depressed to the vicinity of room temperature according to the previous reports. [2] [3] [4] [5] It is generally accepted that the intermediate 0 phase in Al-Mg alloys has a hexagonal structure with the lattice parameters of a ¼ 1:002 nm, c ¼ 1:636 nm and is semicoherent with the aluminium matrix. [6] [7] [8] The maximum hardness of Al-Mg alloys aged above GP zone solvus is commonly associated with the presence of the 0 phase. Prolonged ageing, at temperatures approaching the equilibrium solvus, may lead to the formation of the equilibrium (Al 3 Mg 2 ) phase. The existence of the equilibrium phase (Al 3 Mg 2 ) in the aged Al-Mg alloy was initially established on the basis of powder X-ray diffraction studies and the crystal structure was determined to be hexagonal with the lattice parameters of a ¼ 1:12 nm, c ¼ 1:60 nm.
9,10) Supporting evidence for this crystal structure of the phase was subsequently obtained using transmission electron microscopy of Al-8 and 10 mass%Mg alloys aged at 150-300 C.
11)
However, in early work using the Laue X-ray diffraction method equilibrium phase was described as having an f.c.c. structure with the lattice parameter of a ¼ 2:824 nm. 12, 13) Two distinguishable orientation relationships between the precipitate phase and the -Al matrix have been proposed. Bernole et al. 6) first reported a relationship of the form: ½001 == ½001 and ½110 == ½100 in Al-10 mass%Mg alloy aged at 200 and 300 C. However, in a later study, they reported a second orientation relationship of the form: ð111Þ == ð001Þ and ½110 == ½010 .
7)
The first attempt to characterise the effects of trace additions in binary Al-Mg alloy was made by Polmear and his co-worker in the early 1960s. 14, 15) A variety of explanations for the enhanced age-hardening response have emerged from studies on the effects of microalloying additions of Ag in Al-Mg alloys. It was first suggested that the effect of Ag was to accelerate the nucleation rate and refine significantly the distribution of the existing 06-8) or 6, 12, 13) precipitates, and that this refinement of the precipitate distribution was the source of the increase in observed hardness. 13) However, it was subsequently proposed 16) that peak hardness in ternary Al-Mg-Ag alloy could be associated with fine-scale precipitates of a ternary T phase, Mg 32 (Al,Ag) 49 , 17) rather than precipitation of the equilibrium phase, Al 3 Mg 2 . 6, 12, 13) The existence of a metastable intermediate T 0 phase has been reported in alloys of the Al-Mg-Ag system in studies using the single crystal X-ray diffraction technique.
18) The T 0 phase has, for example, been observed as a metastable phase in an Al-5.7Mg-1.0Ag (mass%) alloy aged for 50 h at 197 C. The structure of the metastable T 0 phase was reported to be hexagonal with the lattice parameters of a ¼ 1:411 nm, c ¼ 2:804 nm, and the orientation relationship between the T 0 phase and the -Al matrix was established to be of the form: ð0001Þ T 0 == ð111Þ and ð10 1 10Þ T 0 == ð11 2 2Þ . A more recent study, 19) using the X-ray diffraction technique and single crystal alloy specimens, has also indicated the presence of the metastable T 0 phase in an alloy of composition Al-4.0Mg-2.1Ag (mass%) aged for 2.8 h-11.5 d at 183 C, and 3.7 d at 235 C, which lies in the ð þ TÞ phase field of the equilibrium ternary phase diagram. 20) However, no detailed microscopic evidence was provided to support such promising results.
Prolonged ageing at temperatures approaching the equilibrium solvus, leads to the formation of the equilibrium T phase (Mg 32 (Al,Ag) 49 ) in alloys of the appropriate composition. The existence of the equilibrium T phase (Mg 32 (Al,Ag) 49 ) in aged Al-Mg-Ag alloys was initially proposed by Wheeler et al., 16) and confirmed by Auld 21) and Cousland and Tate 19) using X-ray diffraction techniques. This phase has a body-centred cubic structure with the lattice parameter of a ¼ 1:45 nm. The orientation relationship between precipitates of the T phase and the -Al matrix in Al-Mg-Ag alloys has been determined by X-ray diffraction techniques to be of the form: ð100Þ T == ð112Þ and ½001 T == ½1 1 10 .
21)
All characterisation work has to date involved mainly indirect experimental methods, such as X-ray diffraction techniques. It thus remains that precipitate microstructures and precipitate phases in Al-Mg-Ag alloys during isothermal ageing are not thoroughly and convincingly understood. The purpose of this paper is to report results of a detailed microstructures examination of the equilibrium precipitate phase transformed from the metastable rod-like precipitate T phase 22) during isothermal ageing process in an Al-10Mg-0.5Ag (mass%) alloy. Identification of the equilibrium precipitate phase was carried out using the transmission electron microscopy with the electron diffraction techniques.
Experimental Procedures
An alloy of the nominal composition Al-10Mg-0.5Ag (mass%) was prepared from Al (99.96%), Mg (99.9%) and Ag (99.9%) by induction heating under air atmosphere and casting into a mild steel mould with a cavity dimension of 110 Â 60 Â 15 mm. After these ingots were homogenised for 52 h at 300 C, surfaces of the ingots was scalped on each side. These ingots then were hot rolled to approximately 0.3 mm for TEM specimens. The specimens were solutiontreated in a salt bath at 500 C for 1 h, water quenched and then aged in an oil bath at 240 C. The specimens for TEM observations were punched mechanically from the strips of 0.3 mm in thickness after appropriate heat treatments, and then dry-ground to a thickness of 0.1-0.15 mm. These specimens were prepared by twin-jet electropolishing in a solution of 33 vol.% nitric acid and 67 vol% ethanol at temperature range between 0 C and À10 C, using a Tenupol-3 jet polisher operating at 0.2 A and 12 V. Microstructures were observed by a Philip CM20 transmission electron microscope (TEM) at 200 kV, equipped with facility of a LINK model energy dispersive X-ray spectrometer (EDXS).
Experimental Results
In the early stages of ageing (e.g. 0.5 h at 240 C), [23] [24] [25] [26] microstructures contained fine scale, uniformly distributed faceted particles. At the peak-aged stages of ageing (e.g. 2 h at 240 C), 22, 23) fine-scale, uniformly distributed rod-like particles were observed. When the ageing time was increased to 72 h at 240 C, the microstructure was dramatically changed as shown in Fig. 1 . The electron beam is approximately parallel to the (a) h001i and (b) h110i directions. As can be seen from these TEM micrographs, no fine-scale, uniformly distributed rod-like h110i particles, that were principally dispersed intermetallic compounds in the maximum hardness condition (i.e. 0.5 h at 240 C), [23] [24] [25] [26] were observed, and they were replaced by coarse-scale precipitate particles, with two distinguishable morphologies. The dom- inant morphology was that of coarse-scale, irregularly globular particles, while there was a small volume fraction of finer-scale, spherical precipitates. Detailed microstructural examination revealed that a majority of the coarse globular particles contained an internal faulted structure. X-ray microanalysis (EDXS) was performed in an attempt to assess the composition of the coarse-scale, globular precipitate particle. A typical energy dispersive X-ray spectrum (EDXS) recorded from a single globular particle is presented in Fig. 2 . The spectrum reveals a substantial concentration of Mg, but no detectable concentration of Ag associated with the particle. Qualitative microanalysis thus suggested that the globular precipitate phase was a binary compound of Al and Mg. C. The electron beam was approximately parallel to the (a) h110i and (b) h112i directions. As can be seen from these BF images, the scale of such particles was less than 100 nm, and a dislocation tangle was invariably observed surrounding each precipitate particle. Electron microdiffraction patterns recorded from such small spheroidal precipitate particles, together with the schematic solutions, are shown in Figs. 3(c)-(e) . The electron beam is parallel to the ½110 , ½112 and ½111 orientations, respectively. These diffraction patterns could be indexed consistently for the f.c.c. structure of the equilibrium phase with the lattice parameter of a ¼ 2:82 nm. 12, 13) It is to be noted that the lattice parameter of the phase is almost exactly seven times that of the -Al matrix phase, and the precipitates share an identity orientation relationship with the aluminium matrix, i.e. a relationship of the form ð100Þ == ð100Þ and ½001 == ½001 . Such particles and this form of orientation relationship have not been reported previously for the equilibrium phase in binary Al-Mg alloys. Figure 4 (a) shows a BF image of the microstructure of the specimen aged for 72 h at 240 C in an h110i orientation. The region contains several coarse-scale, globular particles that are irregularly faceted. The SAED patterns recorded from these particles are compared in Figs. 4(b)-(g) . The electron beam was approximately parallel to the (b), (e) h001i ; (c), (f) h110i ; and (d), (g) h112i directions. Figures 4(b) -(d) were recorded from the particle labelled 1, and could be indexed consistently for the equilibrium phase, while the SAED patterns recorded from the second particle (labelled 2) contained diffracted spots from the equilibrium phase, together with diffracted beams arising from an internal faulted structure within the phase.
A lattice fringe image of a single coarse globular particle recorded with the electron beam parallel to an ½011 direction is shown in Fig. 5(a) . Such substructure was a common feature of almost every precipitate, suggesting that the internal faulted structures may be intimately involved in the nucleation and growth of this precipitate phase. The interplane spacing between each atomic plane is approximately 1.6 nm in the ½11 1 1 and ½1 1 11 directions, which is consistent with the d-spacing of the f111g planes of the equilibrium phase. From the recorded SAED pattern, Fig. 5(b) , an orientation relationship between the phase and -Al matrix can be deduced in the form of ð1 1 11Þ == ð1 1 11Þ and ½011 == ½0 1 1 1 1 .
Discussion
As shown in Figs. 1 and 3 , a mixture of coarse-scale, globular particles and smaller spheroidal precipitate particles was commonly observed in over-aged samples of the Al10Mg-0.5Ag (mass%) alloy (typically 72 h at 240 C). Both forms of particle were identified as having the f.c.c. structure of phase (Al 3 Mg 2 ) (lattice parameter, a ¼ 2:824 nm) 13) based on evidence from microbeam electron diffraction patterns from individual particles. Previous reports have indicated that the equilibrium phase is generally observed only in binary Al-Mg alloys and there has been no prior evidence of equilibrium phase forming in Ag-containing Al-Mg alloys. [18] [19] [20] [21] Although based on the present TEM observations the formation mechanism for two forms of the equilibrium phase is not clear, from the distribution of the rod-like T phase particles reported in the previous paper, 22) it is presumed that the coarse globular particles may be derived from the metastable rod-like T phase particles, 22) while the finer spheroidal particles may be nucleated independently and homogeneously.
Although the crystal structure and lattice parameter of the metastable rod-like T phase (b.c.c.) 22) are not the same compared with those of the equilibrium phase (f.c.c.), 13) there is evidence of structural and chemical similarities between the T and phases identified in the aged samples in the Al-10Mg-0.5Ag (mass%) alloy. Firstly, lattice parameter of the phase (a ¼ 2:824 nm) 13) is approximately twice larger than that of the T phase (a ¼ 1:41 nm). 22) Secondly, the ratio of constitute elements between Al:Mg in the compounds of the phase (Al 3 Mg 2 ) and T phase (Mg 32 (Al,Ag) 49 ) is approximately the same of 1 : $1:50. These similarities would imply a possibility for the formation of the coarse globular phase transformed from the T phase during the isothermal ageing process in the Al-10Mg-0.5Ag (mass%) alloy.
In the current study, the smaller spheroidal particles were observed in the over-aged sample, and were identified as the equilibrium phase. An orientation relationship between the phase and matrix -Al phase was identified to be of the form; ð100Þ == ð100Þ and ½001 == ½001 . It should be noted that this orientation relationship has not been reported previously in binary Al-Mg alloy, e.g. in Al-10 mass%Mg alloy aged at 200 and 300 C; ð111Þ == ð001Þ and ½1 1 10 == ½010 , 6) and ½001 == ½001 and ½110 == ½100 . 7) It is commonly interpreted from the need for the particles to minimise surface and volume free energy by maintaining close-packed planes parallel to planer facets on an approximately spheroidal form.
Conclusions
Coarse-scale, globular particles together with smaller spheroidal particles were commonly observed in the Al10Mg-0.5Ag (mass%) alloy aged for 72 h at 240 C. These coarse globular and smaller spheroidal particles were identified by electron microdiffraction to have the facecentred cubic structure of the equilibrium phase (Al 3 Mg 2 ) (f.c.c., lattice parameter a ¼ 2:824 nm). The orientation relationship between the coarse globular or smaller spheroidal phase and -Al matrix was such that: ð1 1 11Þ == ð1 1 11Þ and ½011 == ½0 1 1 1 1 or ð100Þ == ð100Þ and ½001 == ½001 respectively. This orientation relationship differs from that reported previously for the equilibrium phase formed in binary Al-Mg alloys. Qualitative microanalysis confirmed that the globular particle was a binary compound of Al and Mg. The coarse-scale, globular particles phase had invariably internal faulted structures.
